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Heterostructures containing strongly correlated electron systems provide a platform to clarify
interplay of electron correlation and Rashba spin-orbit coupling in unconventional superconduc-
tors. Motivated by recent fabrication of artificially-engineered heavy fermion superlattices and
high-temperature cuprate superconductors, we conduct a thorough study on superconductivity in
Rashba-Hubbard model. In contrast to previous weak coupling approaches, we employ fluctuation-
exchange approximation to describe quantum critical magnetic fluctuations and resulting supercon-
ductivity. As a result, robust Fermi surfaces against magnetic fluctuations, incommensurate spin
fluctuations, and a strongly parity-mixed superconducting phase are demonstrated in a wide range
of electron filling from type-II van Hove singularity to half-filling. We also clarify impacts of type-II
van Hove singularity on magnetic fluctuations and superconductivity. Whereas the dx2−y2 -wave
pairing always dominant, subdominant spin-triplet pairing with either p-wave or f -wave symme-
try shows a comparable magnitude, especially near the type-II van Hove singularity. Our results
resolve unsettled issues on strongly correlated Rashba systems and uncover candidate systems of
nonreciprocal transport and topological superconductivity.
I. INTRODUCTION
Recent development in engineering of two-dimensional
crystalline electron systems has provided a new field in
the superconducting research [1–3]. In particular, var-
ious phenomena unique to noncentrosymmetric super-
conductors have been observed in SrTiO3 heterostru-
cures [4] and transition metal dichalcogenides [5–7]. In-
terplay of antisymmetric spin-orbit coupling (ASOC)
and magnetic field has been focused on in these sys-
tems. On the other hand, fabrication of artificial super-
lattices containing strongly correlated electron systems,
such as CeCoIn5/YbCoIn5 [8], CeCoIn5/CeRhIn5 [9],
and YbRhIn5/CeCoIn5/YbCoIn5 [10], makes interplay of
ASOC and strong electron correlations to be a fascionat-
ing topics. For instance, proposals of topological super-
conductivity [11–16] and enhanced Edelstein effect [17]
shed light on potential impact of this topic on topologi-
cal science and spintronics research.
Bulk CeCoIn5 is one of the typical unconventional su-
perconductors in the vicinity of the antiferromagnetic
(AFM) quantum critical point [18]. Non-Fermi liq-
uid behaviors [19–23] and dx2−y2-wave superconductiv-
ity [24], which are characteristic of magnetic critical-
ity, have been established. Artificially-engineered su-
perlattice containing a few layer CeCoIn5 naturally real-
izes two-dimensional dx2−y2-wave superconductivity [25].
At the interface of heterostructures Rashba-type ASOC
arises from polar inversion symmetry breaking [26], and
therefore, the superlattice containing heavy ions is ex-
pected to be affected by the Rashba ASOC. Depend-
ing on the superlattice structure, staggered or uniform
Rashba ASOC appears, and accordingly, locally [27, 28]
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or globally [10] noncentrosymmetric superconductivity
have been supported by experimental results for the
heavy fermion superlattices [25]. Unique superconduct-
ing phases are expected to be realized there owing to the
interplay of two-dimensional magnetic fluctuations and
Rashba ASOC.
Noncentrosymmetric structures can also be found
in bulk materials. Indeed, vast studies of noncen-
trosymmetric superconductivity were triggered by the
discovery of superconductivity in CePt3Si [29]. Fur-
thermore, a recent experiment uncovered Rashba-type
ASOC in a high-temperature cuprate superconductor
Bi2Sr2CaCu2O8+δ [30] whose crystal structure can be re-
garded as a naturally-formed superlattice. Controllabil-
ity of artificial superlattices as well as spin-momentum
locking uncovered in bulk materials generate renewed
interest on noncentrosymmetric superconductivity in
strongly correlated electron systems.
Motivated by these considerations, we study super-
conductivity in the two-dimensional Rashba-Hubbard
model. Although this model has been analyzed as a
minimal model for strongly-correlated electron systems
lacking inversion symmetry [14, 31–40], most of theo-
retical studies are based on weak-coupling approaches
such as the perturbation theory or the random phase ap-
proximation (RPA) [31–39]. In particular, analysis based
on a theoretical method appropriate in quantum critical
region has not been conducted. To clarify the super-
conducting phase stabilized by the interplay of critical
magnetic fluctuations and Rashba ASOC, in this paper
we adopted fluctuation exchange (FLEX) approximation
which appropriately reproduces critical behaviors of self-
consistent renormalization theory [41].
An electronic structure characteristic of the Rashba-
Hubbard model is spin-splitting due to the Rashba ASOC
and resulting type-II van Hove singularity which is po-
sitioned away from the time-reversal invariant momenta.
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2We may expect unusual properties due to a large density
of states when the Fermi surface is close to the van Hove
singularity. Indeed, a recent theoretical study proposed
the ferromagnetic (FM) spin fluctuation and spin-triplet
f -wave superconductivity [38, 39]. In order to examine
this proposal and to provide a thorough study of un-
conventional superconductivity in the Rashba-Hubbard
model, we calculate the Fermi surfaces (FSs), magnetic
susceptibility, and superconducting gap functions in a
wide range of the filling. We show that FSs are robust
against critical magnetic fluctuations in contrast to a pre-
vious theory [42]. Furthermore, we show that strongly
parity-mixed superconductivity with dominant dx2−y2-
wave pairing is robust in a whole parameter range in con-
trast to the proposal in Ref. [38]. Interestingly, the parity
mixing is enhanced near the van Hove singularity and the
subdominant spin-triplet pairing has a magnitude com-
parable the spin-singlet pairing. We find signatures of the
type-II van Hove singularity, such as the Lifshitz tran-
sition of FSs, strong instability to commensurate anti-
ferromagnetic (CAFM) order, and the spin-triplet gap
function changing from p-wave to f -wave. Then, the f -
wave pairing is attributed not to the FM fluctuation but
to the AFM fluctuation. Our study not only critically
examines the previous works but also clarifies a mech-
anism of strongly parity-mixed superconducting states,
which may be a platform of topological superconductiv-
ity [11–16], nonreciprocal electric transport [4, 43], and
fractional flux quanta [44].
The rest of the paper is constructed as follows. In
Sec. II, we introduce the Rashba-Hubbard model, and
formulate the FLEX approximation and E´liashberg equa-
tion for this model. In Sec. III, we show the FSs and
compare the noninteracting and interacting systems. The
magnetic fluctuations and superconductivity are investi-
gated in Secs. IV and V, respectively. Correlation be-
tween the structures of magnetic susceptibilities and su-
perconducting gap functions is revealed. A brief sum-
mary and discussions are provided in the last section,
Sec. VI.
II. MODEL AND METHOD
A. Rashba-Hubbard model
First, we introduce a Rashba-Hubbard model which
describes strongly correlated electron systems without in-
version symmetry:
H = H0 +Hint, (1)
H0 =
∑
k,σ
ε(k)c†kσckσ + α
∑
k
g(k) · S(k), (2)
Hint = U
∑
i
ni↑ni↓, (3)
where
S(k) =
∑
k,σ,σ′
σσσ′c
†
kσckσ′ , (4)
is a momentum-selective spin operator, U represents on-
site Coulomb repulsion, σ are the Pauli matrices, and
ckσ (c
†
kσ) is an annihilation (creation) operator for an
electron with momentum k and spin σ. We consider the
square lattice and assume a tight-binding energy disper-
sion,
ε(k) = −2t(cos kx + cos ky) + 4t′ cos kx cos ky − µ, (5)
where t and t′ represent first- and second-neighbor hop-
ping integrals, respectively. The chemical potential µ
is included in ε(k). The second term in the free part
of Hamiltonian, Eq. (2), describes the ASOC which ap-
pears in crystals lacking inversion symmetry. The g-
vector, g(k), characterizes the structure of ASOC [29],
and it is Rashba type in polar noncentrosymmetric sys-
tems. We here assume a Rashba type g-vector repre-
sented as [31, 32],
g(k) =
(
−∂ε(k)
∂ky
,
∂ε(k)
∂kx
, 0
)
. (6)
The ASOC shows a form of the momentum-dependent
Zeeman field. Therefore, spin degeneracy of the band is
split by the ASOC, and bands with negative and positive
helicity have distinct energy,
Eλ(k) = ε(k) + λα|g(k)|, (7)
where λ = ± is the helicity index. Unless stated oth-
erwise, we set a temperature T = 0.01, t′ = 0.3, and
α = 0.5 with a unit of energy t = 1.
B. Green function and susceptibility
The noninteracting Green functions for U = 0 are ex-
pressed by the 2× 2 matrix form in the spin basis,
Gˆ(0)(k, iωn) =
(
iωnIˆ − ε(k)Iˆ − αg(k) · σ
)−1
, (8)
where ωn = (2n+1)piT are fermionic Matsubara frequen-
cies. The noninteracting Green functions in the helicity
basis,
G
(0)
λ (k, iωn) =
1
iωn − ε(k)− λα|g(k)| , (9)
are obtained by unitary transformation with Vˆ which
diagonalizes H0 [Eq. (7)],
Vˆ †H0Vˆ =
(
E+(k) 0
0 E−(k)
)
. (10)
3These Green functions are connected by the following
relationship,
Gˆ(0)(k, iωn) =
∑
λ=±
1
2
(
Iˆ + λ
g
|g| · σ
)
G
(0)
λ (k, iωn). (11)
In the interacting case U 6= 0, the dressed Green func-
tions contain a self-energy, Σˆ(k, iωn),
Gˆ(k, iωn) =
(
iωnIˆ − ε(k)Iˆ − αg(k) · σ − Σˆ(k, iωn)
)−1
.
(12)
Within the FLEX approximation, the self-energy is ex-
pressed with use of an effective interaction, Γˆn(k, iνn),
as
Σσσ′(k, iωn) = T
∑
q,iνn
Γnσξσ′η(q, iνn)Gξη(k − q, iωn − iνn),
(13)
and the effective interaction is given by
Γˆn(k, iνn) = Uˆ χˆ(k, iνn)Uˆ , (14)
where
Uˆ =
 0 0 0 −U0 U 0 00 0 U 0
−U 0 0 0
 , (15)
χˆ(k, iνn) is the generalized susceptibility, and iνn are
bosonic Matsubara frequencies. We introduce the bare
susceptibility
χ(0)σ1σ2σ3σ4(q, iνn)
= −T
∑
k,iωn
Gσ1σ3(k, iωn)Gσ4σ2(k − q, iωn − iνn), (16)
and compute the generalized susceptibility by
χˆ(q, iνn) =
[
Iˆ − χˆ(0)(q, iνn)Uˆ
]−1
χˆ(0)(q, iνn). (17)
According to Eqs. (12)-(17), Gˆ, Σˆ, Γˆn, χˆ(0), χˆ depend on
each other, and therefore, we self-consistently determine
these functions. As a consequence of the self-consistent
condition, the FLEX approximation is a conserving ap-
proximation in which several conservation laws are satis-
fied in the framework of the Luttinger-Ward theory [45–
48].
Introducing the vector representation of the self-energy
Σˆ = Σ0Iˆ +Σ · σ, (18)
and carrying out analytic continuation, we represent the
renormalized retarded Green functions as
GˆR(k, ω) =
(
ωIˆ − ε′(k, ω)Iˆ − αg′(k, ω) · σ
)−1
, (19)
where ε′ = ε + ΣR0 and αg
′ = αg + ReΣR. Since ImΣR
is proportional to T 2 in a Fermi liquid state, we dropped
it and obtain
GˆR(k, ω) =
∑
λ=±
1
2
(
Iˆ + λ
g′
|g′| · σ
)
GRλ (k, ω), (20)
where
GRλ (k, ω) =
1
ω − ε′(k, ω)− λα|g′(k, ω)| . (21)
From Eq. (21), we determine FSs of interacting systems
by solving
ε′(k, 0)− λα|g′(k, 0)| = 0. (22)
In this calculation, a static function A(q, 0) is evaluated
by an approximation justified at low temperatures,
A(q, 0) ' A(q, ipiT ) +A(q,−ipiT )
2
. (23)
C. Linearized E´liashberg equation
To investigate superconductivity, we numerically solve
the linearized E´liashberg equation which is given by
λ∆σσ′(k) = T
∑
k′
Γσs1s2σ′(k − k′)Fs1s2(k′), (24)
Fs1s2(k
′) = Gs1s3(k
′)∆s3s4(k
′)Gs2s4(−k′), (25)
where ∆ˆ is the gap function and Γˆ is obtained by
Γˆ(k − k′) = Uˆ + Γˆn(k − k′). (26)
Here we adopted abbreviated notation k = (k, iωn).
Evaluating λ, eigenvalues of the linearized E´liashberg
equation, we determine the critical temperature Tc from
the criterion λ = 1.
Even when λ 6= 1, we can identify the leading super-
conducting instability by comparing λ for irreducible rep-
resentations of a given point group. Since the point group
symmetry of the Rashba-Hubbard model is C4v, the gap
function can be classified into irreducible representations
of C4v. We numerically calculate eigenvalues for each ir-
reducible representations and conclude that the B1 rep-
resentation gives the largest eigenvalue λ in the whole
parameter range.
III. FERMI SURFACES
As is known by vast previous works [49, 50], the topol-
ogy and shape of FSs are closely related to magnetic
fluctuations and superconductivity. Therefore, we begin
with discussions about the FSs of interacting systems. In
Fig. 1(a)-(d) we compare the FSs in the noninteracting
4(a) n=0.65 (b) n=0.75 (c) n=0.85 (d) n=0.95
FIG. 1. (Color online) Fermi surfaces of noninteracting sys-
tems (U = 0) and interacting systems (U 6= 0) for various
carrier densities n. For interacting systems, red and blue lines
show the FSs of positive and negative helicity bands, respec-
tively. The FSs of noninteracting cases are plotted by black
lines. On-site Coulomb interaction is assumed to be U = 2.4
for n = 0.65 and U = 5 for the others.
systems (U = 0) with those in the interacting systems
(U 6= 0). The electron filling is varied from n = 0.65
near the type-II van Hove singularity to n = 0.95 near
half-filling. Red (blue) lines show interacting FSs of pos-
itive (negative) helicity bands, while the noninteracting
FSs are plotted by black lines. Over a wide range of fill-
ing, the FSs of interacting systems almost coincide with
those of noninteracting systems.
For the effect of electron correlations on spin split-
ting in noncentrosymmetric systems, qualitatively differ-
ent conclusions have been obtained in the previous stud-
ies. Ref. [37] showed that the FSs are almost unchanged
when the g-vector is represented in terms of the velocity
as in Eq. (6). On the other hand, significant deforma-
tion of FSs by critical magnetic fluctuations is claimed in
Ref. [42]. Our numerical results for n = 0.75, 0.85, and
0.95 support the former. Although Ref. [37] conducted
third-order perturbation theory for the Rashba-Hubbard
model, we have shown that the FSs are robust even in
the presence of critical magnetic fluctuations. Drastic
change of FSs predicted in Ref. [42] is not observed in
our calculations. On the other hand, for n = 0.65 the
Fermi level is close to the type-II van Hove singularity,
and then Lifshitz transition is caused by electron corre-
lations.
IV. MAGNETIC FLUCTUATIONS
Next, we discuss magnetic fluctuations. Dynamical
spin susceptibility tensor is given by the generalized sus-
ceptibility as
χµν(q, iνn) =
∑
s1s2s3s4
σµs1s2χs2s1s3s4(q, iνn)σ
ν
s3s4 . (27)
We illustrate static longitudinal spin susceptibility, χzz,
and transverse spin susceptibility, χ−+, at νn = 0 in
Fig. 2 for various fillings. Although χzz and χ−+ are
equivalent in the absence of the spin-orbit coupling, mag-
netic anisotropy is induced by the Rashba ASOC in this
model.
(a) n=0.65 (b) n=0.75 (c) n=0.85 (d) n=0.95
(e) n=0.65 (f) n=0.75 (g) n=0.85 (h) n=0.95
FIG. 2. (Color online) Momentum dependence of spin suscep-
tibilities. (a)-(d) Longitudinal spin susceptibility and (e)-(h)
transverse spin susceptibilities for the filling, n = 0.65, 0.75,
0.85, and 0.95. We choose U = 2.4 for n = 0.65 and U = 5
for the others.
The transverse spin susceptibility shows qualitatively
similar momentum dependence for all fillings [Figs. 2(e)-
(h)]. The incommensurate antiferromagnetic (IAFM)
fluctuation appears in a wide range of filling, 0.65 . n .
0.95. A weak CAFM fluctuation with the modulation
vector Q = (pi, pi) also develops at n = 0.65 near the
type-II van Hove singularity.
On the other hand, we observe a significant enhance-
ment of the CAFM fluctuation in the longitudinal spin
susceptibility at n = 0.65 [Fig. 2(a)], whereas the IAFM
fluctuation is dominant for 0.75 . n . 0.95 [Figs. 2(b)-
(d)]. The longitudinal spin susceptibility not only re-
veals the AFM fluctuations but also implies the FM spin
fluctuation when the Fermi level is close to the type-I or
type-II van Hove singularity [39], as we see a weak peak at
Q = (0, 0) [Figs. 2(b) and 2(c) as well as Fig. 5(a)]. How-
ever, consistent with the previous analysis based on the
RPA [39], the FM fluctuation is weakened in the strong
coupling region. Indeed, we see only a weak signature of
the FM spin fluctuation. As we show later, this FM spin
fluctuation is almost unrelated to the superconductivity.
For all fillings in Fig. 2, the longitudinal spin corre-
lation is stronger than the transverse one. Thus, the
Ising-type AFM spin fluctuation with dominant c-axis
component is implied. The magnetic anisotropy is en-
hanced when the filling n is decreased and the Fermi
level approaches to the type-II van Hove singularity.
Growth in the maximum value of the longitudinal spin
susceptibility, χzz(Q, 0), at n = 0.65 suggests that the
system is in the vicinity of the CAFM order. It should
be noticed that in Fig. 2 we choose U = 2.4 for n = 0.65
while U = 5 for other fillings. This is because U = 5
is larger than the critical interaction for the AFM order
at n = 0.65. In fact, the critical interaction is approxi-
mately Uc = 3.3 for n = 0.65, whereas Uc > 6 for other
fillings. Thus, it is indicated that the AFM order devel-
ops when the FSs are close to the type-II van Hove singu-
larity. Such filling dependence of magnetic fluctuations
is qualitatively different from the conventional Hubbard
5model without the Rashba ASOC. In the ordinary Hub-
bard model, the magnetic correlations are enhanced near
the half-filling. On the other hand, the magnetic corre-
lations are mainly determined by the type-II van Hove
singularity in the Rashba-Hubbard model with a large
ASOC.
V. SUPERCONDUCTIVITY
Here we study the superconductivity. Superconducting
phases are classified based on irreducible representations
of the point group symmetry of the system, that is, C4v.
We calculate eigenvalues of the linearized E´liashberg
equation for all the irreducible representations, A1, A2,
B1, B2, and E. For instance, Fig. 3(a) shows the interac-
tion dependence of λ and reveals that the superconduct-
ing phase of B1 representation is the most stable. We
confirmed that the B1 superconducting phase is stable in
the whole filling range investigated in this paper, that is,
from half-filling to the type-II van Hove singularity.
Fig. 3(b) shows the filling dependence of the maxi-
mum eigenvalue λ for the B1 representation. The results
suggest superconductivity with a high transition temper-
ature near the half-filling, whereas the transition tem-
perature decreases in the low-filling region. It should
be noticed that the magnetic fluctuation grows near the
type-II van Hove singularity more strongly than near the
half-filling (Fig. 2). Our results indicate a weak tendency
to superconductivity near the type-II van Hove singular-
ity in spite of a strong instability to the CAFM order.
This is partly because the magnetic fluctuation is sig-
nificantly localized in the momentum space: χzz(q, 0)
shows a sharp peak around the commensurate wave vec-
tor q = Q. It makes total weight of the spin fluctuation,∫
dqχzz(q, 0), to be small. A strong magnetic anisotropy
also favors magnetic order rather than superconductivity.
Because both longitudinal and transverse spin fluctua-
tions mediate an attractive interaction for spin-singlet
pairing [49], an isotropic spin fluctuation may give rise
to higher superconducting transition temperatures than
the Ising spin fluctuation.
The superconducting order parameter of B1 represen-
tation contains spin-singlet dx2−y2-wave pairing as well
as spin-triplet pairing with either p-wave or f -wave sym-
metry. Because of the Rashba ASOC, superconducting
order parameters with distinct space inversion parity co-
exist. The gap functions are decomposed into the spin-
singlet component ψ(k) and spin-triplet component d(k)
in a standard manner,
∆ˆ(k) = (ψ(k) + d(k) · σ) iσy. (28)
Fig. 4 shows gap functions of the most stable B1 state for
various fillings. In the whole parameter range, a strongly
parity-mixed superconducting state is stabilized. Al-
though the dx2−y2 -wave pairing is always dominant, the
subdominant spin-triplet pairing component changes the
momentum dependence as a function of the filling. The
(a) U -dependence
(b) Filling dependence
FIG. 3. (Color online) (a) Eigenvalues of the linearized
E´liashberg equation λ as a function of U for the A1, A2, B1,
B2, and E superconducting states. We assume n = 0.85. (b)
Filling dependence of the eigenvalue for the most stable B1
superconducting state. We choose U = 2.4, 3.3, and 5.
dx2−y2 + f -wave state is stabilized for n = 0.65, whereas
the dx2−y2 + p-wave state is stable for other fillings. As
we have shown in Sec. III, the longitudinal spin suscep-
tibilities show qualitatively different behaviors between
n = 0.65 and other fillings. The correspondence between
Figs. 2 and 4 implies that the CAFM fluctuation favors
the dx2−y2 + f -wave pairing whereas the IAFM fluctua-
tion favors the dx2−y2 +p-wave pairing. This is consistent
with the previous RPA analysis where the CAFM fluctu-
ation arising from the strong nesting (t′ = 0 and n ∼ 1)
stabilizes a dx2−y2 + f -wave state [33].
Here we compare our results with a previous work
which investigated similar parameter range within the
RPA [38]. The authors of Ref. [38] claimed that various
superconducting states with different symmetry are sta-
bilized depending on the filling. In particular, the spin-
triplet f -wave pairing state near the type-II van Hove
singularity has been illustrated, and its origin was at-
tributed to the FM spin fluctuation. In contrast to their
results, our calculation based on the FLEX approxima-
tion with the linearized E´liashberg equation shows that
the gap functions of superconductivity are essentially in-
dependent of the filling and the dx2−y2-wave paring is
6(a) n=0.65 (b) n=0.75 (c) n=0.85 (d) n=0.95
(e) n=0.65 (f) n=0.75 (g) n=0.85 (h) n=0.95
(i) n=0.65 (j) n=0.75 (k) n=0.85 (l) n=0.95
FIG. 4. (Color online) (a)-(d) Spin-singlet component of gap
functions, ψ(k). (e)-(h) x component and (i)-(l) y component
of the spin-triplet gap functions, namely, the d-vector d(k).
The parameters are the same as Fig. 2.
(a) χzz(q, 0) (b) χ−+(q, 0) (c) ψ(k) (d) dx(k)
FIG. 5. (Color online) Results for a moderate Coulomb inter-
action U = 2.4 and filling n = 0.85. (a) Longitudinal and (b)
transverse spin susceptibility. (c) Spin-singlet component of
gap functions, ψ(k). (d) x component of the spin-triplet gap
functions, dx(k).
dominant. Furthermore, appearance of the subdominant
f -wave pairing seems to be correlated to the CAFM spin
fluctuation rather than the FM spin fluctuation. Indeed,
when the FM spin fluctuation clearly appears for a mod-
erate U = 2.4, the gap functions are almost unchanged,
and not the f -wave but the p-wave pairing is subdomi-
nant [see Fig. 5]. Although the instability to the dxy-wave
superconductivity (B2 representation) was also shown in
Ref. [38], we do not see such tendency [see Fig. 3(a) for
instance]. Although the origin of different conclusions is
unclear and more elaborated studies are desired, it may
be partly because the linearized E´liashberg equation is
not fully solved in Ref. [38].
Because of lack of inversion symmetry, the spin-singlet
component and the spin-triplet component coexist in
our solution. Although the dx2−y2-wave superconduct-
ing state is extremely stable in the single-band Hubbard
model (α = 0), with a moderate Rashba ASOC α = 0.5,
the magnitude of the spin-triplet component is compara-
ble with the spin-singlet one. Fig. 6 illustrates the ratio
FIG. 6. (Color online) Ratio of spin-singlet paring and spin-
triplet pairing, defined in Eq. (29). We show the filling de-
pendence for U = 2.4, 3.3 and 5.
of the magnitudes which is evaluated by
r =
∑
k |ψ(k)|2∑
k |d(k)|2
. (29)
We see r > 1 in the whole parameter range, indicating
the dominant dx2−y2-wave pairing. However, the value of
r is close to unity, and therefore, strongly parity-mixed
superconducting states are concluded. The parity mixing
is particularly enhanced around n = 0.75, in which the
FSs lie between the type-I and type-II van Hove singu-
larity.
VI. CONCLUSIONS AND DISCUSSIONS
In summary, we have conducted a thorough study
on superconductivity in the two-dimensional Rashba-
Hubbard model, a minimal model for strongly-correlated
noncentrosymmetric electron systems. With use of
the FLEX approximation combined with linearlized
E´liashberg equation, we have clarified interplay of
Rashba spin-orbit coupling and critical magnetic fluctu-
ations in a wide range of filling from type-II van Hove
singularity to half-filling. Our results reveal robust FSs
against the critical magnetic fluctuation, enhancement of
IAFM fluctuation, and stabilization of strongly parity-
mixed superconducting state in a wide parameter range.
The obtained gap functions show the dx2−y2 +p-wave su-
perconductivity for the filling n = 0.75, 0.85, and 0.95.
On the other hand, for n = 0.65, we have observed im-
pacts of the type-II van Hove singularity near the Fermi
level. The FSs undergo Lifshitz transition due to the
electron correlation, the CAFM fluctuation is strongly
enhanced, and the dx2−y2+f -wave superconducting state
is stabilized. Strong parity mixing in the gap functions
has been observed in the whole parameter range. In par-
ticular, magnitude of spin-triplet gap function is compa-
rable to that of spin-singlet one when the Fermi level lies
between the type-I and type-II van Hove singularities.
7This work resolved unsettled issues on the strongly cor-
related Rashba systems [37–39, 42], and elucidated a mi-
croscopic mechanism to stabilize a strongly parity-mixed
superconducting phase. This finding opens a way to re-
alize intriguing phenomena arising from parity mixing in
superconducting order parameters. For instance, as pro-
posed by recent theoretical studies, noncentrosymmetric
superconductors with strong parity mixing may be a plat-
form of fractional flux quanta [44], nonreciprocal electric
current [43], and topological superconductivity [11–16].
Another class of superconducting phases with strong
parity mixing may be stabilized by a critical fluctua-
tion of structural transitions breaking the space inver-
sion symmetry, that is named odd-parity electric mul-
tipole fluctuations [51, 52]. In this case, phonons cou-
pled to dynamical spin-orbit coupling mediate pairing
interaction in both spin-singlet and spin-triplet chan-
nels. In contrast, in our proposal anisotropic magnetic
fluctuations naturally lead to a strongly parity-mixed
superconducting state in quasi-two-dimensional electron
systems with strong electron correlations. The candi-
dates may be naturally-formed or artificially-engineered
heterostructures of cuprate superconductors [30, 53] or
heavy fermion superconductors [8–10, 25, 27, 28].
ACKNOWLEDGMENTS
The authors are grateful to J. Ishizuka, A. Daido,
S. Sumita, and H. Watanabe for fruitful discussions. This
work was supported by JSPS KAKENHI (Grants No.
JP15H05884, No. JP18H04225, No. JP18H05227, No.
JP18H01178, and No. 20H05159). The numerical calcu-
lations were carried out on Cray xc40 at YITP in Kyoto
University.
[1] N. Reyren, S. Thiel, A. D. Caviglia, L. F. Kourkoutis,
G. Hammerl, C. Richter, C. W. Schneider, T. Kopp, A.-
S. Ru¨etschi, D. Jaccard, M. Gabay, D. A. Muller, J.-M.
Triscone, and J. Mannhart, Science 317, 1196 (2007).
[2] K. Ueno, S. Nakamura, H. Shimotani, A. Ohtomo,
N. Kimura, T. Nojima, H. Aoki, Y. Iwasa, and
M. Kawasaki, Nature Materials 7, 855 (2008).
[3] J. T. Ye, Y. J. Zhang, R. Akashi, M. S. Bahramy,
R. Arita, and Y. Iwasa, Science 338, 1193 (2012).
[4] Y. M. Itahashi, T. Ideue, Y. Saito, S. Shimizu, T. Ouchi,
T. Nojima, and Y. Iwasa, Science Advances 6 (2020),
10.1126/sciadv.aay9120.
[5] Y. Saito, Y. Nakamura, M. S. Bahramy, Y. Kohama,
J. Ye, Y. Kasahara, Y. Nakagawa, M. Onga, M. Toku-
naga, T. Nojima, Y. Yanase, and Y. Iwasa, Nature
Physics 12, 144 (2016).
[6] J. M. Lu, O. Zheliuk, I. Leermakers, N. F. Q. Yuan,
U. Zeitler, K. T. Law, and J. T. Ye, Science 350, 1353
(2015).
[7] X. Xi, Z. Wang, W. Zhao, J.-H. Park, K. T. Law,
H. Berger, L. Forro´, J. Shan, and K. F. Mak, Nature
Physics 12, 139 (2016).
[8] Y. Mizukami, H. Shishido, T. Shibauchi, M. Shimozawa,
S. Yasumoto, D. Watanabe, M. Yamashita, H. Ikeda,
T. Terashima, H. Kontani, and Y. Matsuda, Nature
Physics 7, 849 (2011).
[9] M. Naritsuka, P. F. S. Rosa, Y. Luo, Y. Kasa-
hara, Y. Tokiwa, T. Ishii, S. Miyake, T. Terashima,
T. Shibauchi, F. Ronning, J. D. Thompson, and Y. Mat-
suda, Phys. Rev. Lett. 120, 187002 (2018).
[10] M. Naritsuka, T. Ishii, S. Miyake, Y. Tokiwa, R. Toda,
M. Shimozawa, T. Terashima, T. Shibauchi, Y. Matsuda,
and Y. Kasahara, Phys. Rev. B 96, 174512 (2017).
[11] A. Daido and Y. Yanase, Phys. Rev. B 94, 054519 (2016).
[12] A. Daido and Y. Yanase, Phys. Rev. B 95, 134507 (2017).
[13] K. Takasan, A. Daido, N. Kawakami, and Y. Yanase,
Phys. Rev. B 95, 134508 (2017).
[14] X. Lu and D. Se´ne´chal, Phys. Rev. B 98, 245118 (2018).
[15] T. Yoshida, M. Sigrist, and Y. Yanase, Phys. Rev. Lett.
115, 027001 (2015).
[16] T. Yoshida, A. Daido, Y. Yanase, and N. Kawakami,
Phys. Rev. Lett. 118, 147001 (2017).
[17] R. Peters and Y. Yanase, Phys. Rev. B 97, 115128 (2018).
[18] C. Petrovic, P. G. Pagliuso, M. F. Hundley,
R. Movshovich, J. L. Sarrao, J. D. Thompson, Z. Fisk,
and P. Monthoux, Journal of Physics: Condensed Matter
13, L337 (2001).
[19] V. A. Sidorov, M. Nicklas, P. G. Pagliuso, J. L. Sarrao,
Y. Bang, A. V. Balatsky, and J. D. Thompson, Phys.
Rev. Lett. 89, 157004 (2002).
[20] T. Tayama, A. Harita, T. Sakakibara, Y. Haga,
H. Shishido, R. Settai, and Y. Onuki, Phys. Rev. B 65,
180504 (2002).
[21] Y. Nakajima, K. Izawa, Y. Matsuda, S. Uji,
T. Terashima, H. Shishido, R. Settai, Y. Onuki, and
H. Kontani, Journal of the Physical Society of Japan 73,
5 (2004).
[22] Y. Kohori, Y. Yamato, Y. Iwamoto, T. Kohara, E. D.
Bauer, M. B. Maple, and J. L. Sarrao, Phys. Rev. B 64,
134526 (2001).
[23] S. Zaum, K. Grube, R. Scha¨fer, E. D. Bauer, J. D.
Thompson, and H. v. Lo¨hneysen, Phys. Rev. Lett. 106,
087003 (2011).
[24] K. An, T. Sakakibara, R. Settai, Y. Onuki, M. Hiragi,
M. Ichioka, and K. Machida, Phys. Rev. Lett. 104,
037002 (2010).
[25] M. Shimozawa, S. K. Goh, T. Shibauchi, and Y. Mat-
suda, Reports on Progress in Physics 79, 074503 (2016).
[26] E. Rashba, Sov. Phys.-Solid State 2, 1109 (1960).
[27] S. K. Goh, Y. Mizukami, H. Shishido, D. Watan-
abe, S. Yasumoto, M. Shimozawa, M. Yamashita,
T. Terashima, Y. Yanase, T. Shibauchi, A. I. Buzdin,
and Y. Matsuda, Phys. Rev. Lett. 109, 157006 (2012).
[28] M. Shimozawa, S. K. Goh, R. Endo, R. Kobayashi,
T. Watashige, Y. Mizukami, H. Ikeda, H. Shishido,
Y. Yanase, T. Terashima, T. Shibauchi, and Y. Mat-
suda, Phys. Rev. Lett. 112, 156404 (2014).
[29] E. Bauer and M. Sigrist, Non-centrosymmetric supercon-
ductors: introduction and overview, Vol. 847 (Springer
Science & Business Media, 2012).
8[30] K. Gotlieb, C.-Y. Lin, M. Serbyn, W. Zhang, C. L. Small-
wood, C. Jozwiak, H. Eisaki, Z. Hussain, A. Vishwanath,
and A. Lanzara, Science 362, 1271 (2018).
[31] Y. Yanase and M. Sigrist, Journal of the Physical Society
of Japan 76, 043712 (2007).
[32] Y. Yanase and M. Sigrist, Journal of the Physical Society
of Japan 77, 124711 (2008).
[33] T. Yokoyama, S. Onari, and Y. Tanaka, Phys. Rev. B
75, 172511 (2007).
[34] Y. Tada, N. Kawakami, and S. Fujimoto, Journal of the
Physical Society of Japan 77, 054707 (2008).
[35] T. Takimoto, Journal of the Physical Society of Japan
77, 113706 (2008).
[36] K. Shigeta, S. Onari, and Y. Tanaka, Journal of the
Physical Society of Japan 82, 014702 (2013).
[37] D. Maruyama and Y. Yanase, Journal of the Physical
Society of Japan 84, 074702 (2015).
[38] A. Greco and A. P. Schnyder, Phys. Rev. Lett. 120,
177002 (2018).
[39] A. Greco, M. Bejas, and A. P. Schnyder, Phys. Rev. B
101, 174420 (2020).
[40] S. Wolf and S. Rachel, “Spin-orbit coupled superconduc-
tivity: Rashba-Hubbard model on the square lattice,”
(2020), arXiv:2004.12624 [cond-mat.supr-con].
[41] T. Moriya and K. Ueda, Advances in Physics 49, 555
(2000).
[42] Y. Fujimoto, K. Miyake, and H. Matsuura, Journal of
the Physical Society of Japan 84, 043702 (2015).
[43] R. Wakatsuki and N. Nagaosa, Phys. Rev. Lett. 121,
026601 (2018).
[44] C. Iniotakis, S. Fujimoto, and M. Sigrist, Journal of the
Physical Society of Japan 77, 083701 (2008).
[45] J. M. Luttinger and J. C. Ward, Phys. Rev. 118, 1417
(1960).
[46] J. M. Luttinger, Phys. Rev. 119, 1153 (1960).
[47] G. Baym and L. P. Kadanoff, Phys. Rev. 124, 287 (1961).
[48] G. Baym, Phys. Rev. 127, 1391 (1962).
[49] Y. Yanase, T. Jujo, T. Nomura, H. Ikeda, T. Hotta, and
K. Yamada, Physics Reports 387, 1 (2003).
[50] K. Kuroki, Journal of the Physical Society of Japan 75,
051013 (2006).
[51] V. Kozii and L. Fu, Phys. Rev. Lett. 115, 207002 (2015).
[52] S. Sumita and Y. Yanase, “Superconductivity induced
by fluctuations of momentum-based multipoles,” (2020),
arXiv:2004.08086 [cond-mat.supr-con].
[53] A. T. Bollinger, G. Dubuis, J. Yoon, D. Pavuna, J. Mis-
ewich, and I. Bozˇovic´, Nature 472, 458 (2011).
